Neuronal adaptations in striatal dopamine signaling have been implicated in enhanced responses to addictive drugs. Cyclindependent kinase 5 (Cdk5) regulates striatal dopamine signaling and is a downstream target gene of the transcription factor ⌬FosB, which accumulates in striatal neurons after chronic cocaine exposure. Here we investigated the role of Cdk5 activity in the nucleus accumbens (NAc) on cocaine-induced locomotor sensitization, responding for reward-associated stimuli (conditioned reinforcement), and cocaine self-administration under a progressive ratio schedule. Repeated infusions of the Cdk5 inhibitor roscovitine into the NAc before cocaine injections augmented both the development and expression of cocaine sensitization without having any intrinsic stimulant actions of its own. Additionally, repeated intraNAc infusions of roscovitine to saline-injected rats enhanced locomotor responses to a subsequent cocaine challenge. Similar effects were found after infusions of another Cdk5 inhibitor, olomoucine, but not its inactive congener, iso-olomoucine. Repeated inhibition of Cdk5 within the NAc also robustly enhanced the incentivemotivational effects of cocaine, similar to the effect of prior repeated cocaine exposure. The enhanced responding with conditioned reinforcement induced by cocaine persisted at least 2 weeks after the final roscovitine infusion. NAc infusions of olomoucine also produced acute and enduring increases in ''breakpoints'' achieved on a progressive ratio schedule for cocaine reinforcement. These results demonstrate profound and persistent effects of NAc Cdk5 inhibition on locomotor sensitization and incentivemotivational processes and provide direct evidence for a role for striatal Cdk5-induced alterations in the brain's long-term adaptations to cocaine. addiction ͉ dopamine ͉ conditioned reinforcement
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addiction ͉ dopamine ͉ conditioned reinforcement R epeated cocaine exposure produces long-lasting functional and structural alterations in cortico-limbic-striatal circuits. Such neuroadaptations may contribute to changes in synaptic plasticity underlying aspects of addiction (1) (2) (3) (4) (5) . Specifically, maladaptive incentive-motivational processes may be relevant to addiction because progressive enhancements in the incentive qualities of drugs and drug-associated stimuli may contribute to compulsive drug-seeking behavior (6) (7) (8) . Nevertheless, the role for persistent drug-induced neuroadaptations in the behavioral responses to cocaine and incentive-motivational processes has yet to be fully investigated.
A number of alterations in intracellular signaling molecules associated with repeated exposure to cocaine have been identified (3, 9) . Chronic cocaine administration increases the activity of PKA-regulated signaling pathways in dopaminoceptive medium spiny neurons of the nucleus accumbens (NAc). Moreover, chronic cocaine increases PKA-regulated gene expression (10) . One of the most stable and persistent proteins expressed in striatal regions after cessation of repeated cocaine is ⌬FosB (11) . Inducible transgenic overexpression of ⌬FosB in striatum enhances, or sensitizes, behavioral responses to cocaine (12) (13) (14) .
Notably, the neuronal protein kinase cyclin-dependent kinase 5 (Cdk5) serves as a downstream target gene of ⌬FosB: chronic cocaine exposure increases striatal Cdk5 levels and activity via a ⌬FosB-dependent process (15, 16) . Importantly, intra-NAc infusions of Cdk5 inhibitors given daily before cocaine injections enhanced cocaine's locomotor stimulant actions. These findings led to the hypothesis that Cdk5 negatively regulates biochemical and behavioral effects associated with chronic cocaine exposure (15) . Cdk5 also regulates striatal proteins involved in both dopamine signaling (15, 17, 18) and glutamate neurotransmission (17, 19, 20) , and it is becoming increasingly clear that this kinase plays complex roles in both inhibiting and facilitating several molecular, cellular, and behavioral mechanisms (21) . However, evidence for the direct involvement of Cdk5 in the brain's persistent responses to repeated cocaine exposure or, in particular, in incentive-motivational processes and compulsive aspects of addiction (6) has not yet been demonstrated.
Results
We hypothesized that repeated inhibition of Cdk5 within the NAc would mimic the ability of prior drug exposure to augment the effects of cocaine. Therefore, the behavioral effects of prior repeated intra-NAc infusions of Cdk5 inhibitors on cocaineinduced locomotor activity were examined over 5 consecutive days in 10-min bins for 60 min. Cocaine produced progressively greater increases in locomotor activity over the 5 days in comparison to saline. Intra-NAc roscovitine markedly potentiated these behavioral effects of cocaine (Fig. 1 ). Locomotor activity rates differed in the experimental groups over the 60-min test periods [F(15,165) ϭ 6.44; P Ͻ 0.001]. Significant differences occurred between the treatment groups over the 5 testing days [F(12,165) ϭ 1.81; P Ͻ 0.049], and rates generally increased over the testing days in both groups (Fig. 1B) [F(4,60) ϭ 3.08; P Ͻ 0.02], with overall group differences in total activity rates (Fig. 1C) .
Intra-NAc infusions of roscovitine increased cocaine-induced activity compared with vehicle (Ros-Coc vs. Veh-Coc, P Ͻ 0.01), as well as controls where animals were infused with either roscovitine or vehicle and given saline injections (Fig. 1B) (Ros-Coc vs. Ros-Sal or Veh-Sal, P Ͻ 0.001). In contrast, no differences in locomotor activity occurred between rats in the two control groups (i.e., Ros-Sal or Veh-Sal). These data indicate that roscovitine selectively enhances the locomotor stimulant effects of cocaine. There was also an increase in the effects of cocaine over days irrespective of group, such that activity rates were increased more on days 4 and 5 than on day 1 (P Ͻ 0.001). Similarly, there was also a difference between days 2 and 3 compared with day 5 (P Ͻ 0.02). An interaction between treatment group and day [F(12,165) ϭ 1.81; P ϭ 0.05] was most evident in the cocaine-injected animals (Ros-Coc and Veh-Coc). Together, these data confirm that intra-NAc infusions of roscovitine enhance the development of locomotor sensitization to cocaine.
Examination of the temporal features of the locomotor responses revealed clear differences between the groups during each of the 10-min periods over each of the 5 days (Fig. 1 A) Roscovitine significantly enhanced cocaine-induced locomotor activity throughout all 10-min intervals during the 5 days of testing, except for the first 10-min interval after injection, and progressively enhanced the effects of cocaine over the 5 days of testing during the 10-min intervals. The maximal effects of intra-NAc infusions of roscovitine in potentiating the effects of cocaine occurred at 50-60 min after the injection. Although there were differences between the four groups at this time period for each of the days [F(3,33) ϭ 10.04, 10.14, 14.16, 13.09, 16.31; P Ͻ 0.001], it was not until day 3 of injections that a trend occurred for differences between the roscovitine/cocaine and vehicle/cocaine groups (Ros-Coc vs. Veh-Coc). By day 4, significant differences were observed (P Ͻ 0.02), and by day 5, mean cocaine-induced activity rates for roscovitine-infused animals were almost double that measured for vehicle-infused animals during the 50-60 min after the injection (P Ͻ 0.01).
Although roscovitine infusions enhanced the locomotoractivating effects of cocaine at these later time periods, the effects of roscovitine were so robust that there were also differences between the groups when total activity rates over the 60 min were examined irrespective of the day (Fig. 1C) [F(3,165) ϭ 77.74; P Ͻ 0.02]. Thus, there were overall differences in total activity (i.e., 0-60 min combined) between all of the groups except for the Ros-Sal vs. Veh-Sal treated groups; notably, roscovitine progressively enhanced cocaine-induced locomotor activity over the 5 days to a greater degree than that observed in cocaine-injected animals infused with vehicle ( Fig. 1C ).
There were also significant differences (P Ͻ 0.001) between the cocaine-injected and saline-injected animals for each of the 10-min time periods over each of the 5 days of testing regardless of whether intra-NAc roscovitine or vehicle infusions were given, confirming that cocaine resulted in sensitization. In no cases were there significant differences between the saline-exposed rats given intra-NAc roscovitine vs. vehicle infusions at any of the 10-min time periods. Together these data show that cocaine causes locomotor sensitization and that intra-NAc roscovitine infusions enhanced this sensitization without itself affecting locomotor activity.
Infusions of another less selective Cdk5 inhibitor, olomoucine, produced similar effects to those of roscovitine, with the exception that the maximal behavioral effects during the session occurred earlier, during day 3 of infusions ( Fig. 2) . The potentiation of cocaine-induced increases in locomotor activity by repeated intra-NAc infusions of olomoucine (Olo-Coc) compared with its inactive isomer iso-olomoucine (Iso-Coc) were confirmed by group differences [F(1,12) ϭ 8.36; P Ͻ 0.01] over the 60-min test session [F(4,30) ϭ 16.64; P Ͻ 0.001]. There were also differences between the groups over the 5 days of testing during the 10-, 20-, 30-, and 40-min periods [F(1,30) ϭ 16.63, 10.37, P Ͻ 0.001; 6.57, P Ͻ 0.01; 4.34; P Ͻ 0.05]. By day 3, olomoucine significantly increased the locomotor response to cocaine, effects that were evident throughout the session. By the final test day, animals given intra-NAc olomoucine and cocaine initially showed significant and robust augmented locomotor responses to cocaine but subsequently began to exhibit stereotypy. Stereotypy can compete with increases in locomotor activity, but its development is consistent with sensitization to cocaine. Consequently, there were no differences between animals given intra-NAc infusions of olomoucine or iso-olomoucine and overall group differences in locomotor activity counts averaged for the five test sessions (C). Data are presented as mean locomotor activity counts (Ϯ SEM). The four experimental groups were Veh-Sal (n ϭ 6), Ros-Sal (n ϭ 11), Veh-Coc (n ϭ 9), and Ros-Coc (n ϭ 11). Asterisks denote significant differences between Veh-Coc and Ros-Coc at 20 -60 min (A), between day 4 or 5 and day 1 (B), and between Veh-Coc and Ros-Coc (C). See text for additional details of statistical comparisons.
after cocaine infusions at these later time points, in contrast to the earlier robust increases in the olomoucine group.
Further evidence for the ability of intra-NAc Cdk5 inhibitors to enhance the locomotor-activating effects of cocaine was obtained in the cocaine challenge test in which the expression of sensitization to cocaine (15 mg/kg) was evaluated 10 days later. Sensitized cocaine-induced locomotor activity was again observed in animals previously treated with cocaine. Rats that had previously received intra-NAc roscovitine infusions showed an augmented locomotor response to the cocaine challenge ( (Fig. 3A) . Specifically, intra-NAc roscovitine infusions significantly potentiated the effects of cocaine at the 20-min (P Ͻ 0.001) and 30-min (P Ͻ 0.05) time periods when maximal responses to cocaine are observed, rather than prolonging the behavioral activating effects of cocaine at later time periods. Prior infusions of intraNAc Cdk5 inhibitors nearly doubled locomotor activity rates at these times, compared with vehicle-infused animals after the cocaine challenge (Ros-Coc vs. Veh-Sal), and activity levels were consistently elevated throughout the 60-min test compared with control rats (Ros-Coc vs. Veh-Sal P Ͻ 0.01, 10-60 min). Overall group differences in activity were found to occur only after the cocaine challenge and not during the baseline period [before vs. after and group interaction; F(3,30) ϭ 5.11; P Ͻ 0.01] (Fig. 3B) ; this confirms that behavior was selectively altered only after the cocaine challenge [F(3,30) ϭ 5.54; P Ͻ 0.001]. Notably, prior roscovitine treatment increased activity rates in cocaine-exposed animals compared with vehicle-infused animals given cocaine (P Ͻ 0.03, Ros-Coc vs. Veh-Coc) or those given saline (P Ͻ 0.007, Ros-Coc vs. Veh-Sal) and increased the response to cocaine challenge in rats never having been exposed to cocaine (P Ͻ 0.003, Ros-Coc vs. Ros-Sal). Similar behavioral effects were observed after intra-NAc infusions of olomoucine compared with the inactive congener, iso-olomoucine (data not shown). Of particular note was that animals previously given repeated intra-NAc infusions of roscovitine, but that did not receive cocaine, showed evidence of sensitization to a challenge dose of cocaine (Fig. 3B ). Here activity rates were not different in animals given intra-NAc roscovitine and saline-injections compared with those given intra-NAc vehicle and cocaine-injections (i.e., Ros-Sal vs. Veh-Coc) at any time point after the cocaine challenge.
The conditioned reinforcement (CR) paradigm provides a measure of incentive motivation (22) , and prior cocaine exposure enhances CR in rats (23) . To determine whether inhibition of Cdk5 in the NAc also can enhance incentive motivation, we first examined the effect of repeated intra-NAc infusions of roscovitine on subsequent cocaine-induced responding with CR. Fig. 2 . Effects of intra-NAc infusions of the Cdk5 inhibitor olomoucine on the development of cocaine sensitization. Locomotor activity for animals receiving intra-NAc bilateral infusions of olomoucine (40 nmol per 0.5 l) or its inactive cogener iso-olomoucine is shown. Data are presented as mean locomotor activity counts (Ϯ SEM). Groups are denoted as intra-NAc iso-olomoucine (Iso) or olomoucine (Olo) infusions and cocaine (Coc) for the two experimental groups as Iso-Coc (n ϭ 6) and Olo-Coc (n ϭ 8). Asterisks denote significant differences between Iso-Coc and Olo-Coc on day 3 (10 -60 min), day 4 (10 -20 min), and day 5 (10 -20 min) after cocaine. Fig. 3 . Effects of prior intra-NAc infusions of roscovitine on the expression of cocaine sensitization. (A) Locomotor activity for animals challenged with 15 mg/kg cocaine 10 days after the last repeated cocaine or saline injection and intra-NAc infusions of roscovitine or vehicle. Groups are denoted as intra-NAc vehicle (Veh) or roscovitine (Ros) infusions and saline (Sal) or cocaine (Coc) for the four experimental groups as follows: Veh-Sal (n ϭ 6), Ros-Sal (n ϭ 11), Veh-Coc (n ϭ 8), and Ros-Coc (n ϭ 9). Data are presented as mean locomotor activity counts (Ϯ SEM) during the test session measured in 10-min time periods before (Ϫ30 to Ϫ10 min) and after (10 -60 min) the cocaine challenge. Activity is also shown for the groups during the 30 min before and 60 min after the cocaine challenge (B). Asterisks in A denote significant differences between Veh-Coc and Ros-Coc at 20 and 30 min after the cocaine challenge, confirming that roscovitine enhanced the expression of cocaine sensitization. Asterisks in B denote significant differences between Ros-Coc and all other groups, and between Veh-Sal and Ros-Sal, indicating that prior roscovitine enhanced subsequent responses to cocaine.
After training on Pavlovian approach behavior, rats were given infusions of roscovitine or vehicle into the NAc for 5 consecutive days. Ten days after the last infusion animals were tested on responding for CR after a cocaine challenge (15 mg/kg cocaine, i.p.). Roscovitine markedly enhanced responding with CR compared with those previously given vehicle infusions, as suggested by an interaction between treatment group and lever (Fig. 4A) [F(1,14) ϭ 5.45; P Ͻ 0.03]. The selective increase in responding with CR after cocaine administration in roscovitine-infused, compared with vehicle-infused, animals was confirmed by a significant difference between the groups for the CR (P Ͻ 0.01) but not control [no conditioned reinforcement (NCR)] lever responses.
One week later, the effects of systemic cocaine (15 mg/kg) were again evaluated. The responding with CR after cocaine continued to be elevated in animals that had previously received intra-NAc roscovitine infusions, demonstrating persistent effects of these treatments (data not shown). There was a trend for significant interaction between treatment group and lever responses [F(1,12) ϭ 4.27; P Ͻ 0.06]. Responses on the CR lever in roscovitine-infused animals were slightly reduced compared with the initial cocaine challenge, probably because of a low level of extinction, as no reinforcement is given during the CR test. Nevertheless, prior intra-NAc roscovitine significantly enhanced cocaine-induced responding selectively on the CR lever in roscovitine-infused compared with vehicle-infused animals (P Ͻ 0.05).
To further explore the influence of Cdk5 inhibition in the NAc on motivation for drug rather than food, we examined cocaine self-administration under a progressive ratio (PR) schedule, which provides a measure of how hard an animal is willing to work to obtain cocaine reinforcement (24) . Animals were given acute bilateral intra-NAc infusions of olomoucine or its inactive isomer, iso-olomoucine, and their PR responding for cocaine was examined on the day of infusion and for an additional four sessions to determine whether Cdk5 inhibition would produce persistent motivational changes (Fig. 4B) . Bilateral intra-NAc infusion of olomoucine, but not iso-olomoucine, produced a robust increase in breakpoints maintained for cocaine under the PR schedule that began on the day of administration. Comparing the number of infusions obtained at baseline to those obtained on the day that either olomoucine or iso-olomoucine was administered by repeated-measures ANOVA revealed a significant effect of time [F(1,12) ϭ 8.1; P Ͻ 0.05], a significant interaction of time by treatment group [F(1,12) ϭ 30.2; P Ͻ 0.0001], and a nonsignificant effect of group (P Ͼ 0.05). The effect of olomoucine on PR responding for cocaine was persistent: after one bilateral infusion of olomoucine, the breakpoints maintained under the PR schedule were increased from baseline on the day of infusion and remained elevated for the duration of the 5 days of testing (i.e., 4 days after infusion). A repeated-measures ANOVA, comparing the effect of olomoucine and isoolomoucine on percent change in the number of infusions obtained at baseline to those obtained on the day of infusion and on the four sessions that followed, showed a significant effect of treatment group [F(1,12) ϭ 17.6; P Ͻ 0.01], but nonsignificant effects of time (P Ͼ 0.05) or an interaction of time by treatment group (P Ͼ 0.05). Notably, the number of inactive lever responses did not differ significantly between groups at baseline (P Ͼ 0.05) or as a function of session post infusion (P Ͼ 0.05). Thus, the effects of olomoucine were robust, persistent, and appeared to be specific to cocaine-reinforced responding. These results further suggest that Cdk5 activity may function to ameliorate some of the motivational effects associated with cocaine self-administration, although the effects of Cdk5 inhibition may also indicate enhanced perseveration and/or resistance to extinction.
Discussion
Drug addiction is characterized by persistent and enhanced behavioral control exerted by drugs and drug-associated stimuli. Details of the biochemical processes underlying these behavioral effects are incomplete but are hypothesized to result from neuroadaptations in dopamine-regulated signaling. The present study demonstrates that inhibition of Cdk5 within the NAc enhances responses to cocaine in multiple behavioral models relevant to the incentive qualities of drugs and reward-associated stimuli. Infusions of Cdk5 inhibitors before daily cocaine injections enhanced the development of locomotor sensitization and Lever press activity is shown for animals given five bilateral intra-NAc roscovitine (40 nmol per 0.5 l) or vehicle (0.5 l) infusions and conditioned stimulus-unconditioned stimulus pairings followed 10 days later by the acquisition of a new response test with CR and a challenge dose of cocaine (15 mg/kg). Data are shown for both a CR and NCR (control) lever pressing in animals given intra-NAc infusions of roscovitine (n ϭ 7) compared with those given intra-NAc infusions of vehicle (n ϭ 9). Data were square-root-transformed and are expressed as mean lever responses (Ϯ SEM) during the test session. The asterisk denotes significant differences in cocaine responding on the CR lever after roscovitine, and also compared with the NCR lever. (B) Effects of intra-NAc infusions of the Cdk5 inhibitor olomoucine on cocaine self-administration under a PR schedule. Data show the mean (Ϯ SEM) number of self-administered infusions (Left) and the corresponding final ratios (breakpoints, Right) for animals receiving control bilateral intra-NAc infusions of olomoucine (open circles, n ϭ 7) or iso-olomoucine (filled circles, n ϭ 7, 40 nmol per 0.5 l). PR data are shown as days after infusions, where PR responses are depicted over the five sessions before infusions (Ϫ1 to Ϫ5), the day of the infusion (0, arrow), and 4 days after the infusions (1 to 4) . The asterisk denotes significant differences at all days of testing after the infusions of olomoucine.
the expression of sensitization after a withdrawal period. Additionally, although repeated NAc infusions of Cdk5 inhibitors alone had no effect on locomotor activity, animals displayed enhanced cocaine-induced locomotor stimulation when tested after a 10-day withdrawal period. Prior repeated NAc infusions of Cdk5 inhibitors in drug-naive animals subsequently increased cocaine-induced enhancement of responding with CR. This suggests that repeated exposure to roscovitine may result in adaptations that mimic the behavioral effects of prior cocaine exposure. Inhibition of NAc Cdk5 produced a persistent enhancement of PR responding for cocaine reinforcement in animals trained to self-administer cocaine. This was not attributable to motor abnormalities or increased arousal because Cdk5 inhibitors did not affect locomotor responses to saline and enhancements were selective for CR and PR responding. These observations suggest that Cdk5 acts as an inhibitory constraint on the expression of cocaine-regulated behaviors, including alterations in incentive-motivational processes.
The importance of enhanced incentive-motivational processes, as a form of behavioral plasticity, to addiction has previously been described (6) (7) (8) 25) . Our findings offer strong evidence that Cdk5-regulated signaling plays an important role in these processes because Cdk5 inhibition enhanced psychostimulant sensitization and the control over behavior by drugs (i.e., PR self-administration) and reward-associated cues (i.e., CR). Our findings add to the growing body of evidence implicating cocaine-induced neuroadaptations in processes involved in compulsive drug-seeking and -taking. It has been established that repeated psychostimulant exposure promotes drug selfadministration under fixed and PR schedules (26) (27) (28) and enhances responding for drug-associated stimuli (1, (29) (30) (31) (32) . The expression of sensitization is also associated with enhanced incentive-motivational processes (23, (33) (34) (35) (36) , and the incentive value of drug-associated stimuli appears to progressively increase over time (37) (38) (39) . Although the neurocircuitry and precise cellular alterations that underlie these phenomena are not understood, a critical role for dopamine-regulated signaling pathways is likely involved (4, 40, 41) .
The cAMP-PKA pathway is thought to mediate rewardrelated learning in the NAc (42, 43) and cue-induced cocaineseeking (44 -49 ). Cdk5 appears to be positioned to interfere with dopamine signaling and multiple downstream targets including PKA and DARPP-32 (50, 51) . In the brain, Cdk5 has been implicated in diverse biochemical processes involved in both functional and structural synaptic plasticity (21, 52, 53) . Striatal Cdk5 levels are increased in response to chronic exposure to cocaine (15) and may be altered in response to voluntary alcohol drinking (54) . Although the present study focuses on the role of Cdk5 in NAc, cocaine also induces increased expression of the kinase in dorsal striatum (15) , which may also inf luence cocaine's behavioral effects. Furthermore, neuroadaptive changes in spine density induced by chronic exposure to cocaine may be dependent on Cdk5 (3, 55) . However, the precise postsynaptic molecular mechanisms by which Cdk5 inhibition augments the behavioral effects of cocaine reported here is the subject of ongoing studies. Cdk5 may also exert an inhibitory effect on dopamine neurotransmission presynaptically, as it phosphorylates and regulates tyrosine hydroxylase (56) , and Cdk5 inhibition increases stimulus-evoked dopamine release (19) . Through these actions it may further enhance the effects of cocaine. Conversely, activation of Cdk5 in transgenic mice by overexpression of Cdk5 or its coactivator p35 attenuates cocaine-mediated dopamine signaling in vivo (18) . Together with the current data, these observations suggest that Cdk5 activity has unique actions as an endogenous negative regulator of dopamine transmission, both pre-and postsynaptically, and can thereby potently modulate striatal function and the actions of cocaine.
Materials and Methods
The effects of intra-NAc Cdk5 inhibitors on the development of cocaine-induced locomotor activity and the expression of sensitization were measured in adult male Sprague-Dawley rats according to published procedures for surgery, drug infusion, apparatus, and locomotor behavioral methods (23, 42) . One week after lateral shell NAc cannulation and 2 days after habituation to the locomotor chambers, animals received five daily injections of cocaine (15 mg/kg, i.p.) or saline given 20 min after bilateral intra-NAc infusions of 0.5 l of roscovitine, olomoucine, or iso-olomoucine (40 nmol in PBS/50% DMSO) or vehicle. Rats were then given a 10-day drug-free interim period before a 15 mg/kg cocaine challenge after being placed into the chambers for 30 min. Histological analyses to ensure accurate cannulae placement were conducted on all animals. Data were analyzed by repeated-measures ANOVA using time as the repeated variable. Significant behavioral effects were further analyzed by factorial ANOVA with Scheffé's F test for post hoc analyses. Data are expressed as mean locomotor activity counts Ϯ SEM. A more detailed description of the behavioral methodology is provided in supporting information (SI) Text.
Evaluation of the effects of intra-NAc Cdk5 inhibition upon cocaine-enhanced CR was conducted by using naive cannulated rats as previously described (23, 57) . After a 14-day period when animals were trained to associate a compound conditioned stimulus with water as the unconditioned stimulus, roscovitine or vehicle was infused daily for 5 days. Ten days after the last infusion all animals were tested on CR after an acute injection of cocaine (15 mg/kg, i.p.). Lever presses on the active (CR) and inactive (NCR) lever were analyzed by ANOVA after squareroot transformation to preserve homogeneity of variance (22) . A more detailed description of the methodology used in this paradigm is provided as SI Text.
To assess the effects of intra-NAc Cdk5 inhibitors on cocaine self-administration under a PR schedule, animals were implanted with a chronic indwelling catheter into the right jugular vein and allowed at least 7 days to recover (58) . Rats were trained to self-administer cocaine infusions (0.5 mg/kg, i.v.) as described (59) , and responding was assessed under a PR schedule of reinforcement designed so that the breakpoint serves as a sensitive measure of motivation to obtain cocaine (24, 60) . Once responding stabilized under the PR schedule (defined as five consecutive sessions with no increasing of decreasing trend in breakpoint), the effect of NAc infusions of olomoucine or iso-olomoucine on PR responding for cocaine was determined. Responding was assessed for an additional four sessions after the test session because pilot studies showed persistent changes in PR responding for cocaine after an intra-NAc infusion of olomoucine. The mean number of infusions obtained during the five baseline PR sessions was obtained for each rat and compared with those obtained on the day an infusion was administered (test session) by using repeated-measures ANOVA. The percent change in the mean number of infusions obtained at baseline to the number of infusions obtained on a test session and after four sessions was determined for each rat and compared with repeated-measures ANOVA. Identical analyses were used to investigate the effects of olomoucine and iso-olomoucine on inactive lever responding. Subsequent a priori pairwise comparisons with baseline were made with the t test. A more detailed description of the methodology used for these experiments is provided in SI Text.
